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Nitro-aromatics  2,4,6-trinitrotoluene  (TNT),  2,4- 
dinitrotoluene  (DNT)  and  hexa-hydro-1,3,5- 
trinitro-triazine  (RDX)  are  the  major  constituents 
of  wastewaters  discharged  from  propellant  and 
explosive  manufacturing  units  and  munitions 
load,  assembly,  and  pack  operations.  More  than 
1,200  current  and  former  U.S.  Department  of 
Defense  and  Department  of  Energy  facilities 
have  problems  with  explosive  contamination. 

The  objective  of  this  project  was  to  study  the 
electrochemical  degradation  of  nitro-aromatic 
compounds  under  various  conditions  to  enable 
the  .formulation  of  a  mathematical  model  and  to 
design  a  plug  flow  reactor  for  the  same.  The  first 
set  of  experiments  evaluated  the  effect  applied 
current,  stir  rate  of  the  reactant  solution,  and 
surface  area  of  the  electrode  has  on  the  degra¬ 
dation  of  DNT  The  second  phase  of  experi¬ 
ments  was  to  identify  the  products  being  formed 
as  well  as  selected  intermediates.  The  third 
phase  of  experiments  involved  kinetic  and 
certain  mass  transfer  experiments  to  aid  in 
setting  up  the  mathematical  model.  After  initial 
work  with  DNT  in  pure  water,  the  study  was 
expanded  to  evaluate  the  electrochemical 


reduction  of  TNT,  DNT  (in  water-ethanol 
mixture),  and  RDX  under  different  conditions  to 
evaluate  the  optimal  degradation  conditions  and 
to  propose  the  design  of  a  plug  flow  reactor 
based  on  those  conditions.  Controlled  experi¬ 
ments  based  on  single  solute  nitro-aromatics 
were  carried  out  initially  to  ascertain  the 
degradation  of  these  chemicals  by  electro¬ 
chemical  means  and  to  establish  the  different 
water-quality  variables  and  reactor  parameters. 
The  fourth  phase  of  experiments  identified  the 
products  and  some  selected  intermediates 
during  the  degradation  of  TNT  and  DNT.  The 
fifth  phase  of  study  aimed  at  establishing  a 
correlation  between  theory  and  experimental 
results  by  explaining  the  observed  kinetic  data 
in  terms  of  the  possible  mechanisms  limiting  the 
transformation  rates  in  the  electrochemical 
systems.  Also,  experiments  involving  improved 
hydrodynamics  to  overcome  mass  transfer 
limitations  (if  observed)  were  carried  out.  The 
final  stage  of  the  project  involved  the  design 
proposal  of  a  treatment  assembly  using  a  plug 
flow  type  reactor  for  the  electrochemical 
degradation  of  nitro-aromatics  in  munitions 
wastewaters. 
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1  Introduction 


Background 

Nitro-aromatics  2,4,6-trinitrotoluene  (TNT),  2,4-dimtrotoluene  (DNT),  and  hexa- 
hydro- 1 ,3,5-trinitro-triazine  (RDX)  are  the  major  constituents  of  wastewaters 
discharged  from  propellant  and  explosive  manufacturing  units  and  munitions 
load,  assembly,  and  pack  operations.  DNT  enters  the  wastestream  during  pro¬ 
pellant  production,  whereas  TNT  and  RDX  enter  wastestreams  during  muni¬ 
tions  loading  and  demilitarization.  Wastewater  contaminated  with  TNT  and 
RDX  is  referred  to  as  pinkwater,  due  to  its  characteristic  color.  The  high  explo¬ 
sive  TNT  constitutes  a  significant  component  of  a  widespread  munitions  con¬ 
tamination  problem  that  exists  at  many  current  and  former  U.S.  Department  of 
Defense  (DOD)  and  U.S.  Department  of  Energy  (DOE)  facilities.  More  than 
1,200  sites  have  explosive  contamination  (Tri-Service  1992).  At  many  of  these 
sites,  the  contamination  has  been  found  in  the  groundwater. 

TNT  is  the  most  common  contaminant  found  in  both  soil  and  water  samples 
(Jenkins  and  Walsh  1993).  Most  process  waters  found  at  the  contaminated  sites 
are  pinkwaters  that  were  generated  by  demilitarization  operations  conducted  in 
the  1970s.  DNT  has  also  been  found  frequently  at  munitions-contaminated  sites. 
Both  TNT  and  DNT  are  listed  as  priority  pollutants  by  the  U.S.  Environmental 
Protection  Agency  (EPA)  because  of  their  toxicological  hazards.  The  LD60  value 
of  DNT  in  rats  is  268  mg/kg  (Sax  and  Lewis  1989).  From  a  toxicological  stand¬ 
point,  the  identification  of  the  products  from  the  transformation  of  DNT,  and  for 
that  matter  any  nitro-aromatic  compound,  is  essential  as  the  products  may  turn 
out  to  be  more  hazardous. 

Trinitrotoluene  can  have  three  structural  isomers:  2,3,5  TNT,  2,4,6  TNT,  and 
2,4,5  TNT.  The  symmetrical  2,4,6-trinitrotoluene  is  the  most  commonly  found 
form  of  the  three  and  henceforth  in  this  report  the  acronym  TNT  will  be  used  to 
refer  to  2,4,6-trinitrotoluene  only.  TNT  is  still  the  most  widely  used  military 
explosive  because  of  its  low  melting  point  (80.1  °C),  stability,  low  sensitivity  to 
impact,  and  relatively  safe  methods  of  manufacture.  TNT  has  been  classified  as 
a  high  explosive  (Kline  1990)  and  used  as  a  military  explosive  in  bombs  and 
grenades,  generally  in  binary  mixtures  with  a  primary  explosive  to  trigger  the 
main  explosion.  It  is  also  used  as  an  industrial  explosive  for  deep  water  and 
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underwater  blasting.  TNT  is  prepared  by  the  nitration  of  toluene  with  a  mixture 
of  nitric  acid  and  sulfuric  acid  (Fisher  and  Taylor  1983).  It  is  released  into  the 
waste  stream  during  manufacturing,  loading,  assembling,  and  packing 
operations. 

DNT  has  six  isomers.  The  2,4-  and  2,6-  isomers  are  the  most  important  because 
they  are  the  greatest  quantities  produced  anthropogenically  (Beard  and  Noe 
1981).  DNT  is  prepared  by  the  nitration  of  toluene  and  nitrotoluene  in  the  pres¬ 
ence  of  nitric  and  sulfuric  acids.  One  of  the  major  uses  of  DNT  is  as  an  interme¬ 
diate  in  the  manufacture  of  toluene  diisocyanate,  which  is  then  used  in  the  pro¬ 
duction  of  polyurethane  foams.  Another  major  use  of  DNT  is  as  an  ingredient  in 
military  and  commercial  explosives;  the  purified  form  of  2,4-DNT  is  used  in 
smokeless  powders  (Bausum,  Mitchell,  and  Major  1992). 

RDX,  or  cyclonite  as  it  is  commonly  referred  to,  is  an  explosive  used  extensively 
as  a  propellant  for  propelling  artillery  shells  and  as  an  explosive  in  projectiles. 
It  is  so  used  because  it  offers  higher  energy,  higher  density,  and  lower  flame  tem¬ 
peratures.  It  is  often  used  in  binary  mixtures  with  TNT.  It  finds  its  way  into  the 
munition  wastewaters  during  manufacturing  and  blending  operations. 


Objectives 

The  objectives  of  this  project  were  to  study:  (1)  the  kinetics  of  electrochemical 
degradation  of  DNT  (with  and  without  ethanol),  TNT,  and  RDX,  (2)  the  mecha¬ 
nisms  of  electrochemical  reduction  of  2,4  DNT  and  2,4,6  TNT  from  the  point  of 
view  of  product  studies,  (3)  the  effect  of  stirring  rate,  pH,  current  density  and 
dissolved  oxygen  on  the  degradation  of  the  nitro-aromatic,  (4)  theoretical  expla¬ 
nation  of  the  observed  kinetic  results  and  the  mass  transfer  limitations  encoun¬ 
tered  in  the  system,  and  (5)  a  method  to  overcome  the  mass  transfer  limitations, 
and  the  final  setup  of  the  treatment  assembly  to  carry  out  the  degradation  of  ni- 
tro-aromatics  using  electrochemistry. 


Approach 

Degradation  of  the  nitro-aromatics  was  studied  at  the  bench-scale  in  an  electro¬ 
chemical  reactor,  which  was  fabricated  at  the  beginning  of  the  project.  The  rate 
of  degradation  was  measured  under  various  experimental  conditions,  including 
the  surface  area  of  electrodes,  stirring  rate,  current  settings,  pH,  and  the  level  of 
dissolved  oxygen.  The  by-products  of  degradation  were  identified  by  gas 
chromatography/mass  spectometry  (GC/MS)  for  DNT  and  by  high  performance 
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liquid  chromatography  (HPLC)  for  TNT.  A  mass  balance  for  the  products  was 
obtained  under  a  variety  of  experimental  conditions  in  both  the  aqueous  and 
solid  phases.  The  degradation  behavior  was  then  assessed  in  light  of  the 
experimental  results  obtained  and  conclusions  were  drawn  from  the  data  in 
order  to  address  the  objectives  of  the  research. 


Scope 

The  techniques  described  in  this  report  apply  to  Army  industrial  activities.  The 
agencies  responsible  for  development  and  treatment  of  Army-specific  explosives 
and  other  aqueous  wastestreams  will  benefit  from  the  information  presented 
herein.  The  goals  of  developing  and  understanding  new  technology  potentially 
applicable  to  nitrated  explosives  are  addressed.  The  pathways  of  treatment  and 
by-products  identified  will  provide  guidance  tools  for  process  scale-up  and  pilot 
testing. 


Mode  of  Technology  Transfer 

It  is  anticipated  that  the  findings  and  recommendations  in  this  report  will  be 
used  as  a  foundation  for  developing  and  testing  a  pilot-scale  system  based  on 
electrochemical  reduction  of  munitions  wastewaters.  The  results  will  be  pre¬ 
sented  at  Army  conferences  and  scientific  meetings  to  further  the  application  of 
this  new  method  for  treatment  of  synthetic  organic  chemicals  that  are  resistant 
to  oxidative  degradation. 
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2  Literature  Review 

An  explosives  contamination  problem  has  been  found  in  the  ground  water  at 
many  DOE  and  DOD  sites.  TNT  is  the  most  common  contaminant  found  in  both 
soil  and  water  samples.  Other  nitro-aromatics,  especially  DNT,  have  also  fre¬ 
quently  been  found  at  munitions-contaminated  sites.  Both  TNT  and  DNT  are 
listed  by  the  EPA  as  priority  pollutants  because  of  their  toxicological  properties. 
From  a  toxicological  standpoint,  the  identification  of  the  products  from  transfor¬ 
mations  of  nitro-aromatic  compounds  is  essential  because  the  products  are  often 
more  hazardous  than  the  starting  compounds. 


Biological  Pathways 

Biological  transformations  mainly  occur  through  oxidation  and  reduction.  Oxi¬ 
dation  occurs  when  oxygen  is  the  reactant  and  oxygenase  or  peroxidase  enzymes 
mediate  the  cleavage  of  the  aromatic  ring.  Reduction  is  the  more  common 
mechanism  and  takes  place  when  the  nitro-aromatic  compound  is  reduced  to 
arylamines  by  a  mechanism  of  hydrolytic  deamination,  acetylation,  reductive  de¬ 
amination,  and  cyclization. 

It  was  found  that  Pseudomonas  species  degraded  both  DNT  and  TNT  aerobically 
with  supplemental  glucose  as  a  carbon  source  (Schackmann  and  Muller  1991; 
Parrish  1977).  Reduction  of  the  nitro  groups  took  place  only  at  the  para  posi¬ 
tions  and  proceeded  through  the  hydroxylamino-nitrotoluene  to  the  amino- 
nitrotoluene.  McCormick,  Cornell,  and  Kaplan  (1978)  identified  the  biotransfor¬ 
mation  products  during  the  conversion  of  DNT  to  2,4-diaminotoluene  (DAT). 
These  pathways  are  shown  in  Figure  1.  Haidour  and  Ramos  (1996)  observed  2- 
hydroxylamino-4,6-dinitrotoluene,  4-hydroxylamino-2,6-dinitrotoluene,  4-amino- 
2,6-dinitrotoluene,  2-amino-4,6-dinitrotoluene,  and  2,4-diamino-nitrotoluene  as 
the  products  of  degradation  of  TNT  with  Pseudomonas  sp.  Boopathy,  Wilson,  and 
Kulpa  (1993)  reported  the  anaerobic  degradation  of  TNT  under  different  electron 
accepting  conditions  by  a  soil  bacterial  consortium.  Hughes  et  al.  (1998)  demon¬ 
strated  the  ability  of  Clostridium  acetobutylicum  to  reduce  TNT  to  2,4- 
dihydroxylamino-6-nitrotoluene  and  then  to  phenolic  products  via  the  Bamber¬ 
ger  rearrangement.  The  transformation  pathway  is  shown  in  Figure  2. 
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(Source:  McCormick,  Cornell,  and  Kaplan  1 978.  Used  with  permission  of  the  American  Society  of  Microbiology.) 


Figure  1.  Reaction  pathway  for  the  biotransformation  of  DNT  to  DAT. 
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NHOH 


(Source:  Reprinted  with  permission  from  Hughes  et  al.  1998.  Copyright  1998  American  Chemical  Society.) 

Figure  2.  Pathway  of  TNT  transformation  observed  in  C.  acetobutylicum  crude  cell  extracts. 

A  fungi  Mucrosporium  aerobically  degraded  DNT.  The  identified  biotransforma- 
tion  intermediates  include:  2-amino-4-nitrotoluene,  4-amino-2-nitrotoluene,  4,4’- 
dinitro-2,2’-azoxytoluene,  2,2’-dinitro-4,4’-azoxytoluene,  and  4-acetamido-2-nitro- 
toluene.  A  third  azoxy  compound,  2,4’-dinitro-2,4’-azoxytoluene  or  4,2’-dinitro- 
4,2’-azoxytoluene,  was  isolated  but  not  yet  identified  conclusively.  An  anaerobic 
municipal  activated  sludge  system  with  benzene  added  as  a  carbon  source  re¬ 
sulted  in  successful  degradation  of  DNT. 

Noguera  and  Freedman  (1996)  showed  that  a  Pseudomonas  aeruginosa  strain 
was  capable  of  reduction  and  acetylation  of  DNT.  Under  anoxic  conditions,  the 
main  products  were  2-amino-4-nitrotoluene  and  4-acetamide-2-nitrotoluene.  4- 
amino-2-nitrotoluene  was  very  rapidly  acetylated  to  4-acetamide-2-nitrotoluene, 
and  2-amino-4-nitrotoluene  was  very  slowly  degraded  to  DAT  and  2-acetamide-4- 
nitrotoluene. 

Spanggord  et  al.  (1991)  showed  the  ability  to  completely  mineralize  DNT  by  an 
oxidative  pathway  with  a  Pseudomonas  species  using  DNT  as  the  sole  carbon 
source.  The  nitro  groups  were  removed  without  reduction  to  amines. 
Dioxygenase  attack  was  responsible  for  the  nitro  group  reduction  and  a 
subsequent  release  as  nitrite.  Valli  et  al.  (1992)  was  able  to  degrade  DNT  by  the 
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lignin-degrading  fungus  Phanerochaete  chrysosporium.  This  fungus  contained 
two  peroxidases,  which  are  responsible  for  the  complete  mineralization  of  DNT 
to  C02  in  nitrogen-limiting  cultures.  The  treatment  of  DNT  using  a  two-stage 
system  has  also  been  shown  to  completely  mineralize  DNT  with  2-amino-4- 
nitrotoluene  and  4-amino-2-nitrotoluene  as  intermediates  (Berchtold  et  al.  1995). 

Biotransformation  of  RDX  has  been  observed  by  a  number  of  researchers.  Young 
et  al.  (1997)  found  a  bacterial  consortium  in  horse  manure  capable  of  degrading 
RDX  at  the  rate  of  0.022  L/gram  cells  per  hour.  Most  of  the  research  in  the  bio¬ 
logical  degradation  of  RDX  has  been  carried  out  under  anaerobic  conditions. 

Kitts  et  al.  (1994)  isolated  three  different  genera  of  bacteria,  which  were  able  to 
degrade  RDX.  The  most  effective  degrader  of  these  three  isolates  was  identified 
as  Morganella  morganii.  One  pathway  for  the  biotransformation  of  RDX  is  a 
stepwise  reduction  of  each  of  RDX’s  three  nitro  groups  to  form  nitroso  groups  as 
shown  in  Figure  3. 


o2n 


N 

C. 


no2 


NO 


NHOH 


(Source:  McCormick  et  al.  1981;  Kitts  et  al.  1994.  Used  with  permission  of  the  American  Society  for  Microbiology.) 

Figure  3.  Stepwise  reduction  of  RDX  through  reduction  of  nitroso  groups. 
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Chemical  Pathways 

The  most  common  method  for  transformation  of  nitro-aromatics  at  present  is  in¬ 
cineration.  However,  while  incineration  has  been  demonstrated  to  be  an  effec¬ 
tive  technology,  issues  such  as  safety,  noise,  air  emissions,  costs,  regulatory  re¬ 
quirements,  etc.,  have  motivated  research  in  alternative  treatment  technologies. 
The  adsorption  of  TNT  and  DNT  (Ho  and  Daw  1988)  on  activated  carbon  was  one 
of  the  most  common  treatment  technologies  used  by  the  military  ammunition 
plants.  This  technology  is  effective  at  removing  a  wide  variety  of  explosive  con¬ 
taminants  from  water,  but  is  nondestructive  and  expensive  to  operate.  Moreover, 
after  the  carbon  is  exhausted,  it  has  to  be  incinerated  or  disposed  of  into  a  haz¬ 
ardous  waste  disposal  site.  The  disposal  of  used  carbon  is  very  costly. 

The  photochemical  degradation  of  TNT  has  been  extensively  researched.  It  has 
been  considered  both  as  a  primary  treatment  technology  and  as  a  pretreatment 
to  bioremediation.  TNT  strongly  absorbs  UV  radiation  between  200  and  280  nm. 
Exposure  of  TNT  to  sunlight  or  near  UV  radiation  results  in  the  rapid  conversion 
of  TNT  into  a  variety  of  aromatic  photolysis  products  including  the  nitroamines 
and  azoxy  dimers,  which  are  also  found  in  biodegradation. 

It  was  demonstrated  by  Schmelling  and  Gray  (1995)  that  Ti02  photocatalysis 
using  near  UV  radiation  may  be  highly  effective  in  the  remediation  of  TNT  con¬ 
taminated  waters.  Photocatalytic  transformation  of  TNT  was  shown  to  include 
both  oxidative  and  reductive  steps.  Trinitrobenzoic  acid,  trinitrobenzene,  and 
trinitrophenol  were  observed  as  oxidative  intermediate  species,  and  3,5- 
dinitroaniline  was  identified  as  a  stable  reduction  product.  These  two  pathways 
are  shown  in  Figures  4  and  5. 

Other  technologies  investigated  in  application  to  TNT  remediation  are: 
clay/resin  adsorption,  ionizing  radiation,  supercritical  oxidation,  UV-ozone  and 
wet-air  oxidation. 

The  other  major  chemical  method,  which  is  widely  reported  in  scientific  litera¬ 
ture,  is  the  catalytic  hydrogenation  of  DNT  over  a  Pd/C  catalyst.  Palladium- 
catalyzed  hydrogenation  has  been  found  to  completely  reduce  DNT  to  DAT 
(Terpko  and  Heck  1980;  Janssen  et  al.  1990).  For  DNT,  the  less  hindered  or 
para-position  was  reduced  with  a  very  high  yield  (92  percent).  However,  for  the 
four  other  2,4-dinitro-aromatic  compounds  tested  (with  -OH,  -OCH3,  -NH2,  and  - 
NHCOCH3  groups  instead  of  -  CH3),  the  more  hindered  or  ortho-position  was 
reduced.  Janssen  et  al.  (1990)  found  two  parallel  reaction  pathways  for  the 
formation  of  DAT  from  DNT  in  a  palladium  catalyzed  hydrogenation  reaction. 
There  were  three  stable  reaction  intermediates:  4-hydroxylamino-2-nitro- 
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toluene,  4-amino-2-nitrotoluene,  and  2-amino-4-nitrotoluene.  Very  low  concen¬ 
trations  of  4-hydroxylamino-2-nitrotoluene  were  found.  This  suggested  that  the 
nitro  group  in  the  ortho  position  was  converted  almost  directly  to  the  amino 
group. 


(Source:  Schmelling  and  Gray  1995.  Used  with  permission  from  Elsevier  Science.) 

Figure  4.  Reaction  pathway  for  the  initial  oxidative  transformation  of  TNT  under  photocatalytic 
conditions. 

Nitro-aromatic  compounds  undergo  reductive  transformations  to  aromatic 
amines.  The  reduction  of  mtro-aromatics  occurred  through  a  series  of  electron- 
transfer  reactions  and  protonations  with  nitroso  compounds  and  hydroxylamines 
as  highly  reactive  intermediates.  Barrows  et  al.  (1996)  found  that  the  location  of 
the  first  nitro  group  reduced  was  influenced  by  the  regioselectivity  for  substi¬ 
tuted  polynitroaromatic  compounds.  The  regioselectivity  was  important  in  the 
first  proton  transfer  to  the  radical  anion  that  was  created  after  the  initial  one 
electron  reduction  of  the  starting  compound.  Localization  of  the  charge  in  the 
initial  radical  anion  influenced  the  site  of  protonation.  Of  the  10  polynitroaro¬ 
matic  compounds  studied,  all  but  2  showed  localization  of  the  radical  ion  on  the 
nitro  group  in  the  ortho  position.  The  two  with  the  localized  radical  ion  in  the 
para-position  were  DNT  and  TNT.  DNT  showed  an  88  to  92  percent  regioselec¬ 
tivity  for  the  para-position  and  TNT  showed  100  percent  regioselectivity. 
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(Source:  Reprinted  with  permission  from  Schmelling,  Gray,  and  Kamat  1996.  Copyright  1996  American  Chemical 
Society.) 

Figure  5.  Photochemical  transformation  observed  during  the  reductive  degradation  of  TNT. 


Electrochemical  Pathways 

Many  studies  have  been  carried  out  on  the  electrochemistry  of  nitro-organics. 
The  nitrogen  in  the  nitro  group  is  already  at  a  high  oxidation  state,  +3.  DNT  has 
no  known  anodic  chemistry  since  it  is  extremely  difficult  to  remove  an  electron 
(Fry  1982).  The  nitrosobenzene  intermediate  was  rarely  observed  (Shindo  and 
Nishihara  1989;  Martigny  and  Simonet  1983),  although  evidence  for  its  forma¬ 
tion  has  been  observed  by  the  formation  of  the  azoxy  and  azobenzene  dimers 
(Laviron  and  Vallat  1973).  For  the  reduction  of  nitro-aromatic  compounds  by 
zero-valent  Fe  under  anaerobic  conditions,  no  azo  or  azoxy  dimers  were  found 
with  the  Fe°  reduction. 
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Electrochemical  reduction  of  nitrated  organic  compounds  has  been  studied  in 
nonaqueous  solvents  from  the  viewpoint  of  methods  for  synthesis  of  organic 
chemicals.  Evans  and  coworkers  have  studied  the  reduction  of  1,1-dinitro- 
cyclohexane  (Bowyer  and  Evans  1988;  Ruhl  et  al.  1991)  and  several  nitroalkanes 
(Ruhl,  Evans,  and  Neta  1992)  in  dimethylformamide.  They  demonstrated  that 
these  protective  nitro  groups  could  be  reduced  by  electrochemistry.  In  a  related 
study  (Kopilov  and  Evans  1990),  it  was  found  that  dehalogenation  can  occur 
when  electrochemical  reduction  is  applied  to  a-haloacetanilides  in  alcohol  and 
acetonitrile.  These  same  groups  (nitro-  and  halo-)  protect  the  compounds  from 
biological  attack.  These  studies  in  organic  solvents  suggest  that  the  conversion 
may  also  be  possible  by  the  use  of  electrodes  in  water,  for  the  purpose  of  opening 
up  the  contaminant  to  conventional  biodegradation. 


Electrochemical  Engineering 

Electrochemical  engineering  is  the  knowledge  required  to  either  design  and  run 
an  industrial  plant  that  includes  an  electrolytic  stage  for  the  production  of 
chemicals  or  to  produce  an  electrolytic  device  for  the  generation  of  electricity. 
The  former  involves  the  use  of  electricity  for  the  production  of  chemicals,  and  the 
latter  involves  the  use  of  chemicals  for  the  production  of  electricity.  Figure  6 
shows  a  general  schematic  for  the  design  of  electrochemical  reactors.  The  first 
step  is  a  reaction  model,  which  tells  us  how  current  density  varies  as  a  function 
of  the  kinetic  and  mass  transfer  elements.  To  determine  the  dependence  of  cur¬ 
rent  density  on  electrode  potential,  kinetic  constants  from  polarization  and 
preparative  runs  have  to  be  obtained.  In  addition,  mass  transfer  coefficients  for 
the  laboratory  cell  used  in  these  experiments  should  be  available. 

A  reactor  model  is  developed  to  provide  such  parameters  as  the  required 
electrode  area  as  a  function  of  process  variables  (e.g.,  current  density  and 
conversion).  To  do  this,  modeling  is  begun  by  selecting  a  notional  industrial  cell 
configuration.  Again,  mass  transfer  data  for  the  selected  reactor  should  be 
available.  By  combining  this  reactor  model  with  models  for  associated  unit 
processes,  one  can  arrive  at  a  process  model.  Using  cost  analysis  along  with  the 
process  model  enables  optimization  of  the  process  and  yields  process  speci¬ 
fications  for  the  cell.  If  this  turns  out  to  be  satisfactory,  a  mechanical  design  is 
undertaken;  if  not,  a  different  cell  geometry  is  selected  and  a  new  reactor  model 
developed. 
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Existing  or  Possible  Process 

_ 1 _ _ 

I  , 

rotating  disk 

experimental  data  and/or 

notional  cell 

published  corrections 

configuration 

electrode 

reaction  rates, 

mass  transfer 

i.e.,  kinetics 

i 

rates 

reaction  model 


reactor  model 


model  of  associated 
unit  operations 


process  model 


costing  data 


optimization 


performance 

improvement 


cell  process 
specification 


mechanical  cell  design 

(Source:  Goodridge  and  Scott  1995.  Used  with  permission.) 


Figure  6.  Scheme  for  the  design  of  electrolytic  reactors. 

Fundamentals  of  Electrochemical  Processes 

Figure  7  shows  the  region  at  the  interface  between  an  electrode  and  an  electro¬ 
lyte.  The  potentials  in  the  electrode  and  adjacent  to  the  interface  are  denoted  Em 
and  E  .  Their  difference  is  referred  to  as  the  electrode  potential,  E’: 


E’=  Em-Es 


(Eq  1) 


At  a  cathode,  positive  current  flows  from  the  electrolyte  to  the  electrode.  There¬ 
fore,  by  the  above  definition,  E’  for  cathode  tends  to  be  negative,  and  it  is  positive 
for  an  anode.  If  the  electrode  potential  E’  is  kept  constant  and  the  area  of  the 
electrode  is  doubled,  the  current  passing  between  the  electrode  and  electrolyte  is 


CERLTR  99/85 


19 


also  doubled  (i.e.,  the  current  supported  by  an  electrode  is  proportional  to  its 
area).  The  current  supported  by  unit  area  of  an  electrode  is  referred  to  as  the 
current  density  (i). 

Information  about  electrode  reactions  can  often  be  obtained  from  plotting  i  as  a 
function  of  potential.  A  polarization  curve  is  a  plot  of  In  [i]  against  r|,  where  q 
(i.e.,  overpotential)  is  defined  as: 

rpE’-E  (Eq  2) 

where  E  is  the  electrode  potential  when  no  current  is  flowing.  An  example  of 
such  a  curve  is  shown  in  Figure  8. 


(Source:  Goodridge  and  Scott  1995.  Used  with  permission.) 

Figure  7.  Region  near  an  electrode  interface. 


(Source:  Goodridge  and  Scott  1995.  Used  with  permission.) 


Figure  8.  Idealized  polarization  curve. 
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Defining  the  rate  of  reaction,  rA,  as  the  rate  of  conversion  of  A  per  unit  time  per 
unit  area  of  electrode,  it  follows  from  Faraday’s  law  that: 

ta  =  ai/nF  (Eq  3) 

i  =  (nFrA)/a  (Eq  4) 

where  a  is  the  stoichiometric  coefficient  of  the  reactant  A.  The  current  density 
for  an  electrochemical  reaction  is  therefore  equivalent  to  the  rate  of  the  reaction. 
The  initial  linear  rise  in  current  density  in  Figure  8  corresponds  to  conditions 
when  the  limiting  step  is  the  rate  of  charge  transfer.  The  horizontal  portion, 
where  the  current  density  becomes  independent  of  the  overpotential  (q),  repre¬ 
sents  the  situation  when  mass  transfer  is  rate  controlling.  This  current  (repre¬ 
sented  by  ito)  is  known  as  the  limiting  current  density.  The  further  increase  in 
current  density  beyond  the  plateau  is  due  to  the  starting  of  another  reaction. 

Consider  a  process  for  the  formation  of  product  B  where  two  simultaneous  ca¬ 
thodic  reactions  are  occurring: 

A  +  ne‘  B  (Eq  5) 


and 

2H+  +  2e‘  ->  H2  (Eq  6) 

The  number  of  kmols  of  B  formed  per  unit  electrode  area  (nmB)  will  be  given  ac¬ 
cording  to: 


rnns  =  iB  t/F  (Eq  7) 

Similarly,  2mH  (the  number  of  kmols  of  hydrogen)  will  be: 

2mn  =  iH  t/F  (Eq  8) 

where  iB  and  iH  are  the  partial  current  densities  for  Equations  5  and  6,  respec¬ 
tively,  and 


i  —  *b  ■*"  hi 

where  i  is  the  current  density  for  the  whole  process. 


(Eq  9) 
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Current  efficiency  (C.E),  sometimes  called  Faradaic  yield  of  the  process,  is  de¬ 
fined  by: 


C.E  =  nmB/(nmB  +  2mn)  =  b/i  (Eq  10) 

Another  important  concept  in  electrochemistry  is  that  of  the  double  layer.  Con¬ 
sider  the  following  elementary  reaction: 


Ag+  +  e'  =  Ag 


(Eq  11) 


by  which  silver  is  deposited  or  dissolved  electrolytically. 

If  a  silver  electrode  is  immersed  in  an  aqueous  solution  of  a  silver  salt  and  ren¬ 
dered  cathodic,  it  will  contain  an  excess  of  electrons  (Figure  9).  These  electrons 
and  the  silver  cations  existing  in  the  surrounding  electrolyte  will  be  mutually 
attracted,  and  the  anions  in  the  electrolyte  will  be  repelled.  As  a  result,  an  ex¬ 
cess  of  positive  charge  will  occur  in  the  region  adjacent  to  the  electrode.  This  re¬ 
gion  consists  of  two  entities,  a  compact  layer  (the  Helmholtz  layer)  and  a  diffuse 
layer.  The  compact  layer  is  a  few  angstroms  thick,  while  the  diffuse  layer  is  up 
to  several  hundred  angstroms,  depending  on  the  potential  of  the  electrode  and 
the  concentration  of  ionic  species  at  the  electrode. 

Solvent  molecules  occupy  the  region  between  the  ions  in  the  compact  layer  and 
the  electrode  surface.  If  the  solvent  is  water,  the  layer  of  solvent  molecules  is 
thought  to  be  two  molecules  deep,  with  the  layer  nearer  the  electrode  tending  to 
be  oriented  so  that  the  positive  end  of  the  dipoles  point  toward  the  electrode. 
This  tendency  increases  as  the  electrode  potential  is  made  more  negative.  In¬ 
termingled  with  the  solvent  molecules  may  be  other  species,  particularly  anions, 
which  may  be  specifically  adsorbed  on  the  electrode  surface.  Such  adsorption 
requires  displacement  of  the  solvent  molecules.  The  adsorption  of  anions  creates 
a  layer  of  charged  species,  which  is  closer  to  the  electrode  surface  than  the  com¬ 
pact  surface  just  described.  The  respective  charges  are  located  at  the  outer 
Helmholtz  plane  (xH  in  Figure  9)  and  the  inner  Helmholtz  plane  for  the  ad¬ 
sorbed  species.  Figure  9  also  shows  how  E8,  the  potential  in  the  electrolyte,  var¬ 
ies  as  a  function  of  distance  from  the  electrode.  Although  the  cell  voltage  V*  has 
no  fundamental  theoretical  significance  affecting  the  electrode  reaction,  it  is  of 
great  practical  importance  because  electricity  costs  are  directly  proportional  to  it. 
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To  minimize  the  cell  voltage  for  a  given  current  density,  the  following  steps  are 
taken: 

1.  Electrode  materials  are  selected  that  minimize  the  electrode  potential  re¬ 
quired  for  the  desired  reaction. 

2.  Distance  between  anode  and  cathode  is  kept  at  a  minimum. 

3.  Conductivities  of  the  anolyte  and  the  catholyte  are  maximized. 

4.  A  diaphragm  is  selected  that  produces  the  minimum  voltage  drop.  If  possi¬ 
ble,  the  diaphragm  is  disposed  of. 


Compact  Diffuse 

layer  layer 


(Source:  Goodridge  and  Scott  1995.  Used  with  permission.) 


Figure  9.  Simple  model  of  the  electrical  double  layer  and  the  resultant  potential  profile. 
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Aspects  of  Mass  Transfer 

The  formation  of  the  reaction  model  depends  on  knowing  the  rate  at  which  the 
reactants  arrive  at  the  electrode  surface  from  the  bulk  of  the  electrolyte  and  the 
rate  at  which  the  products  formed  by  reactions  disappear  back  into  the  bulk  of 
the  electrolyte. 

The  transfer  of  a  solute  0  through  a  liquid  can  be  affected  by  three  mechanisms: 

•  molecular  diffusion  under  the  influence  of  a  concentration  gradient 

•  migration  of  a  charged  species  under  the  influence  of  a  potential  or  electric 
field 

•  eddy  diffusion  due  to  a  turbulent  regime. 

Figure  10  gives  the  concentration  profile  near  the  electrode  surface  for  a  fully 
developed  turbulent  flow.  There  are  three  regions:  a  near  horizontal  portion 
corresponding  to  the  fully  mixed  turbulent  bulk,  a  linear  decrease  occurring  in 
the  laminar  sublayer,  and  a  curved  portion  connecting  the  two. 


Co,  =  concentration  of  species  O  at  the 
electrode  surface 

C0  =  bulk  concentration  of  species  0 
8n  =  thickness  of  diffusion  layer. 

(Source:  Goodridge  and  Scott  1995.  Used  with  permission). 

Figure  10.  Concentration  profile  for  a 
fully  developed  turbulent  flow. 
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Disregarding  for  a  moment  any  migration  phenomena,  a  rigorous  calculation  of 
the  mass  flux  would  have  to  find  quantitative  expressions  for  mass  transport  in 
the  turbulent  bulk.  Unfortunately,  the  treatment  of  turbulent  flow  of  liquids  is 
much  more  complex  than  that  for  laminar  flow.  The  following  simple  model, 
called  the  film  model  or  film  theory,  is  commonly  used  for  characterizing  turbu¬ 
lent  flow. 

The  first  assumption  is  that  mass  transport  due  to  eddy  diffusion  in  the  turbu¬ 
lent  bulk  is  so  fast  when  compared  to  molecular  diffusion  that  the  latter  can  be 
ignored  and  a  uniform  concentration  of  the  bulk  can  be  assumed.  The  second 
assumption  is  that  all  resistance  to  the  mass  transfer  process  can  be  expressed 
in  terms  of  molecular  diffusion  in  the  laminar  sublayer.  Thirdly,  this  resistance 
can  be  expressed  quantitatively  by  assuming  a  completely  linear  concentration 
gradient,  including  in  this  way  the  effect  of  the  buffer  layer.  The  point  where  the 
linear  concentration  gradient  meets  the  horizontal  bulk  concentration  defines 
the  thickness  of  a  layer  called  the  diffusion  boundary  layer  (SN).  The  flux,  ND, 
can  be  calculated  by  deriving  an  expression  for  the  molecular  diffusion  of  O 
through  a  stagnant  layer  of  thickness  8N.  Using  Fick’s  diffusion  equation: 

dddi  -  D  c^c/Sy2  (Eq  12) 

where  c  is  the  concentration  at  time  t  and  coordinate  y  of  species  O,  and  D  is  its 
diffusivity. 

For  a  steady  state  condition,  Equation  12  reduces  to 


d2c/dy2  =  0  (Eq  13) 

The  boundary  conditions  depicted  in  Figure  10  are: 

c  =  cos  y  =  0  (Eq  14) 

c  =  c0  y  =  §n  (Eq  15) 

The  diffusional  flux  of  O  to  the  electrode  surface  ND  is  given  by  Fick’s  law: 

ND  =  -D(dc/dy)y=o  (Eq  16) 


Solving  the  above  results  in: 


No  -  D  (co  —  cqs)/5n 


(Eq  17) 
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Nd  =  kL  (co-cos) 

where  kL=  D/5N  and  is  also  known  as  the  mass  transfer  coefficient. 

There  are  different  methods  of  evaluating  the  mass  transfer  coefficient  kL.  It  can 
be  found  either  by  calculations  or  by  experimental  methods.  Some  of  the  nu¬ 
merical  methods  for  estimating  kL  are  listed  below. 

For  rectangular  flow  channels  (Figure  11): 


(Source:  Goodridge  and  Scott  1995.  Used  with  permission). 

Figure  11 .  Rectangular  flow  channel. 

For  laminar  flows: 

Sh  =  2.54[(Re)(Sc)(de/L)]0-3  (Eq  18) 

where  Sh  (Sherwood  number)  =  kLde/D;  Sc  (Schmidt  number)  =  v/D;  Re  (Reynolds 
number)  =  ude/v;  and  de  =  2d 

Developing  laminar  flow: 

Sh’x  =  0.96  Rex0'5  Sc 1/3  (<VL)  "°05  (Eq  19) 

where  Sh’x  =  kLx  x/D  and  Rex  =  ux/v.  For  design  purposes,  however,  it  is  better  to 
use  a  form  of  Equation  19  to  ensure  a  conservative  estimate  of  kL. 
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For  turbulent  flow: 


Sh  =  0.023Re°'8  Sc1/3 


The  Annulus  (Figure  12): 


r,  =  radius  of  the  inner  cylinder; 
r0=  radius  of  the  outer  cylinder. 

(Source:  Goodridge  and  Scott  1 995.  Used  with  permission). 

Figure  12.  Annulus  between  two 
concentric  cylinders  with  axial  flow. 


For  laminar  flow: 

Sh  =  1.614[<DReSc(d/L)r 


where  de  =  2(r0  -  r),  and  d>  is  a  geometric  parameter  defined  as: 


0  =  [(- 


1  -  r 


_ 1  —  r _ 

1  +r2 

(j^jlntl  /r]-l) 


where  r  =  r/r0. 


(Eq  20) 


(Eq  21) 


For  turbulent  flow,  Equations  19  and  20  are  used. 


For  rotating  cylinder  electrodes  (Figure  13): 


r,  =  radius  of  inner  cylinder;  r0  =  radius  of  outer  cylinder;  u;=  peripheral  velocity; 
w  =  angular  velocity. 

(Source:  Goodridge  and  Scott  1995.  Used  with  permission). 

Figure  13.  Rotating  cylinder:  (a)  no  axial  flow  and  (b)  with  axial  flow. 

An  important  application  of  the  concentric  cylinder  arrangement  is  when  one  of 
the  cylinders  rotates.  In  the  more  popular  system,  the  inner  cylinder  is  rotating 
while  the  outer  one  is  stationary.  This  system  is  preferred  to  the  situation  where 
the  outer  cylinder  is  rotating,  for  two  reasons: 

1.  Lower  rotational  speeds  are  required  to  produce  turbulence  and  hence  good  mass 
transfer  characteristics. 

2.  The  design  is  mechanically  less  complicated. 

The  hydrodynamics  of  the  flow  between  the  two  cylinders  can  be  characterized 
by  a  dimensionless  quantity  Ta,  the  Taylor  number,  and  is  defined  as: 

^  Mro~ r),  rQ-r,m  rr0-rfl 


Ta=[- 


-r  =  ReJ  V1] 


where  u  is  the  peripheral  velocity  of  the  rotating  cylinder.  Based  on  the  Taylor 
number,  three  flow  regimes  can  be  distinguished: 

1.  At  low  flow  rates,  a  simple  laminar  (or  Couette)  flow  prevails  in  which  the 
velocity  of  the  fluid  is  tangential.  This  region  is  characterized  by  Ta  <  41.3, 
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which  offers  little  enhancement  of  mass  transport  and  is  of  no  consequence  to 
reactor  design. 

2.  At  higher  flow  rates,  the  simple  tangential  flow  becomes  unstable  and  a  cel¬ 
lular  motion  is  superimposed  upon  the  tangential  flow.  The  “Taylor  vortices” 
carry  material  from  one  cylinder  to  the  other,  thereby  increasing  mass  trans¬ 
fer  rates.  However,  because  of  the  cellular  or  vortex  nature  of  the  flow,  the 
mass  transfer  characteristics  are  not  uniform.  The  region  is  characterized  by 
41.3  <  Ta  <  400. 

3.  At  high  flow  rates  (Ta  >  400),  the  flow  becomes  turbulent,  characterized  by 
random  and  rapid  fluctuations  of  velocity.  Theoretical  analyses  of  this  regime 
agree  in  general  with  experimentally  obtained  correlations,  and  in  particular 
with  the  extensive  data  of  Eisenberg,  Tobias,  and  Wilke  (1954)  for  a  range  of 
Rew  of  100-160,000.  Their  correlation  for  an  annular  space  of  >  8mm  is: 

Stw  =  kL/u.  =  0.0791  Re-*3  Sc0644  (Eq  24) 

where  Stanton  number,  Stw  =  Sh/RewSc. 

For  obtaining  the  value  of  kL  for  kinetic  calculations,  the  limiting  current  tech¬ 
nique  is  used.  As  discussed  earlier,  the  limiting  current  density  is  the  current 
density  at  which  the  rate  limiting  step  is  the  rate  at  which  reactant  molecules 
reach  the  electrode  and  is  given  by: 

ito  =  nFkLc0  •  (Eq  25) 

where  n  is  the  number  of  electrons  involved  in  the  reaction,  F  is  the  Faraday’s 
Constant,  and  c0  is  the  concentration  of  the  molecule  to  be  electrochemically  re¬ 
duced. 

Reaction  Modeling 

An  electrode  process  may  proceed  through  all  or  some  of  the  following  steps: 

1.  The  electroactive  species  is  transferred  to  the  electrode  surface  from  the  bulk 
solution. 

2.  The  electroactive  species  is  adsorbed  on  the  electrode  surface. 

3.  Electrons  are  transferred  between  the  electrode  and  the  reacting  species. 
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4.  The  reacted  species  suffers  desorption  and  chemical  reaction,  in  either  order, 
then  is  transported  back  into  the  bulk  solution. 

If  r  and  r+  are  the  chemical  forward  and  backward  reactions,  multiplying  by  nF 
converts  these  reaction  rates  to  current  densities  i.  and  i+  respectively.  According 
to  the  Butler-Volmer  equation,  in  the  absence  of  a  concentration  gradient: 

ic  =  i  -  i+  =  i0  { exp[-arinF/RT]  -  exp[(l-a)r)nF/RT]}  (Eq  26) 

where  ic  is  the  net  amount  of  reaction  occurring  and  a  is  the  transfer  coefficient. 

If  the  charge  transfer  step  is  rate-controlling,  conditions  at  the  electrode  inter¬ 
face  will  be  far  from  equilibrium  except  at  very  low  current  densities  (i.e.,  i.  » i+) 
and  therefore  i«i..  This  “Tafel  Approximation”  gives: 

ic  =  io  exp  [-ar|nF/RT]  (Eq  27) 

It  follows  that,  for  conditions  far  removed  from  equilibrium,  a  plot  of  cathodic 
overpotential  against  ln[ic]  (Figure  14)  will  give  a  straight  line  of  slope  (RT/anF) 
and  an  intercept  of  ln[io]  on  the  logarithmic  coordinate.  This  kind  of  plot  is  called 
a  Tafel  curve  and  the  slope  is  referred  to  as  the  Tafel  slope. 

For  anodic  reactions,  the  slope  is  [RT/(l-a)nF]. 

For  very  small  values  of  r\  (indicating  that  the  electrode  is  operating  near  equi¬ 
librium),  Equation  27  can  be  linearized  to: 

(i/i0)  =  (-qnF/RT)  (Eq  28) 


(Source:  Goodridge  and  Scott  1995.  Used  with  permission). 

Figure  14.  A  typical  Tafel  Plot. 
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The  greater  the  value  of  i0,  the  greater  the  net  current  that  can  be  supported  by 
the  electrode  under  reversible  conditions.  The  corollary  is  that  electrode  reac¬ 
tions  characterized  by  high  exchange  currents  are  less  likely  to  show  charge 
transfer  control. 

Look  at  the  simple  reaction: 

A+ne-»B  (Eq29) 

As  shown  in  Figure  15,  for  the  reaction  to  occur,  A  has  to  be  transported  to  the 
electrode,  charge  transfer  (possibly  via  intermediates)  occurs  resulting  in  product 
B,  which  is  then  transported  back  into  the  bulk  of  the  electrolyte. 


Ab  Bb 


(Source:  Goodridge  and  Scott  1995.  Used  with  permission). 

Figure  15.  Simple  reaction  mechanism. 

The  rate  of  diffusional  transport  of  A  to  the  electrode  is  given  by: 


dQA/dt  =  kLS(cA-cJ  (Eq  30) 

where  QA  is  the  number  of  kmols  of  A  transported  to  the  electrode  surface,  t  is 
the  time,  kL  is  the  mass  transfer  coefficient,  S  is  the  electrode  surface  area,  and 
cA  and  c^  are  the  concentration  of  A  in  the  bulk  and  near  the  surface. 

The  equation  that  provides  rA,  the  rate  of  reaction  of  A  at  the  electrode  surface, 
has  the  form: 


rA=  SfCc’^E’,..)  (Eq  31) 

where  the  functional  relationship  f  describes  the  reaction  kinetics  in  terms  of  c’^, 
(the  surface  concentration  of  A),  E’  (the  electrode  potential),  and  any  other  pa¬ 
rameters  required  to  define  the  kinetics.  In  practice,  c^  and  c’^  are  equated  or  an 
adsorption  isotherm  is  used. 
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At  steady  state: 


rA  =  dQA/dt  (Eq  32) 

Assume  for  simplicity’s  sake  that  =  c’^.  Converting  Equations  31  and  32  to 
current  densities  yields  the  following: 

i  =  nFkL(cA-cJ  (Eq  33) 

i  =  nFRc*,  E’,...)  (Eq  34) 

Equating  Equations  33  and  34  enables  the  elimination  of  surface  concentrations 
and  results  in  a  single  expression  for  the  current  density  in  terms  of  the  afore¬ 
mentioned  parameters. 

Assuming  a  primary  reaction  A  B,  which  is  governed  by  a  simple  “Tafel-type” 
expression,  one  can  develop  a  typical  expression  for  a  reaction  model.  Equation 
34  becomes: 


iA  =  nFk’AcAsexp(-bAE’)  =  kAcM  exp(-bA  E’)  (Eq  35) 

where  iA  is  the  partial  current  density  for  the  formation  of  product  B  and  bA  is  the 
slope  of  the  polarization  curve  obtained  by  plotting  ln[iA]  against  E\  Also,  k  A  and 
kA  are  reaction  rate  constants,  where  kA  =  nFk’A.  The  reason  Equation  35  is  used 
in  reaction  modeling  is  that  many  industrial  systems  are  not  reversible  and 
hence  the  use  of  i0,  the  exchange  current  density,  and  q,  the  overpotential,  is  not 
possible. 

Eliminating  c^  from  Equations  33  and  35: 


nFk  L  +  kA  exp[  -bAE'] 


Primary  reaction  may  be  accompanied  by  an  independent  secondary  reaction, 
often  associated  with  the  decomposition  of  the  solvent  or  the  discharge  of  a 
secondary  ion.  The  secondary  reaction  for  aqueous  cathodic  process  is,  typically, 
hydrogen  evolution.  A  simple  Tafel  relationship  is  assigned  to  the  secondary 
reaction,  because  mass  transfer  plays  only  a  minor  role  in  the  discharge  process; 
the  concentration  term  is  omitted  on  the  assumption  that  the  solvent 
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composition  will  change  insignificantly  during  electrolysis.  The  partial  current 
density  for  hydrogen  evolution,  iH,  is: 

iH  =  kHexp[-bHE’]  (Eq  37) 

To  obtain  a  reaction  model,  one  needs  the  numerical  values  for  the  kinetic  con¬ 
stants:  kA,  bA,  kH,  and  bH  as  well  as  a  value  for  kL. 
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3  Electrochemical  Degradation  of  2,4,6- 
TNT,  2,4-DNT,  and  RDX 

Important  Parameters 

The  roles  of  stirring  rate,  current,  surface  area,  and  pH  were  investigated  for  the 
three  nitro-aromatics  separately  and  in  combination  with  each  other  (to  simulate 
the  munitions  wastewaters  more  closely  and  to  find  out  if  there  is  any  inhibitory 
effect  on  degradation  rates  due  to  the  combination).  Product  identity  is  impor¬ 
tant  for  any  degradation  process  development,  so  the  identification  of  the  prod¬ 
ucts  was  an  additional  focus  of  this  study.  Finally,  it  was  important  to  identify 
the  mass  transfer  limitations  occurring  in  the  system  and  to  reduce  them 
through  more  efficient  hydrodynamics,  keeping  in  mind  the  final  reactor  design. 


Experimental  Setup 

Experiments  were  carried  out  in  a  2.5-L  glass  reactor.  A  Nafion  membrane  #117 
(Solution  Technology/C.G.Processing,  Rockland,  DE)  was  used  to  separate  the 
anode  and  the  cathode,  to  allow  the  transfer  of  ions  only,  and  to  prevent  the 
transfer  of  any  of  the  organic  compounds  being  degraded  or  being  formed.  A 
Universal  Digital  Controller  (UDC)  300  (Honeywell,  York,  PA)  was  used  as  a  con¬ 
stant  current  source.  A  Thermix®  Stirrer  Model  120S  (Fisher  Scientific,  Pitts¬ 
burgh,  PA)  was  used  for  all  experiments  along  with  a  2-in.  Teflon-coated  stir  bar. 
Two  types  of  cathode  were  used:  a  150-mm  long,  high  density  fine  grain  graphite 
annular  cylinder  with  an  inner  diameter  of  63  mm  and  outer  diameter  of  83  mm 
from  Graphite  Sales,  Inc.  (Chagrin  Falls,  OH),  and  a  glassy  carbon  (Sigradur®  G) 
rod  with  a  diameter  of  7  mm  and  a  height  of  150  mm  from  SGL  Carbon  Corpora¬ 
tion  (St.  Marys,  PA).  The  properties  of  the  carbon  electrodes  are  shown  in  Table 
1.  A  6-in.  long  18G  platinum  wire  (Fisher  Scientific)  was  used  as  the  anode. 

TNT  was  obtained  containing  30  weight  percent  water  and  was  used  as  such  by 
making  appropriate  adjustments  while  weighing  the  TNT  to  be  added  into  the 
reactor.  DNT  was  obtained  at  97  percent  purity  and  was  used  as  received.  RDX 
was  obtained  at  99  percent  purity  and  was  used  as  received.  Sodium  phosphate 
was  used  as  the  buffer  to  maintain  the  desired  pH.  Anhydrous  sodium  sulfate 
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was  added  to  the  reactor  to  maintain  a  constant  ionic  strength.  All  experiments 
were  carried  out  in  a  2-L  solution  of  the  reaction  mixture.  For  all  experiments, 
18  MW-cm  resistivity  water  was  used  (distilled  and  deionized).  Each  nitro- 
aromatic  was  added  to  the  reactor  yielding  an  initial  concentration  of  50  ppm. 
The  initial  sodium  sulfate  concentration  was  36  g/L  and  0.02  M  phosphate  buffer 
adjusted  to  desired  pH  was  used  for  all  experiments.  The  pH  was  monitored 
throughout  the  experiments  and  a  few  drops  of  a  1  M  sulfuric  acid  solution  were 
added  regularly  to  maintain  the  solution  at  the  desired  pH.  An  Oakton®  WD- 
35615-Series  pH/mV/temperature  meter  was  used  as  the  pH  probe.  Figure  16  is 
a  diagram  of  the  reactor.  The  reactor  conditions  are  summarized  in  Table  2. 


Table  1.  Physical  properties  of  the  glassy  carbon  cathode. 


Property 

Graphite  Cylinder 

Sigradur®  G 

Maximum  Grain  Size 

0.84  mm 

- 

1.68-1.71  g/cm3 

1 .42  g/cm3 

Total  Porosity 

21  % 

0% 

Electrical  Resistivity 

6.5-7. 5  x  1 06  pohm-cm 

I 

Flexural  Strength 

170-240  kg/cm3 

Compressive  Strength 

300-400  kg/cm5 

CEBERSHHH 

Modules  of  Elasticity 

1100-1250  kg/mm3 

35000  kg/mm3 

Ash 

0.20  % 

0% 
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Table  2.  A  summary  of  experimental  conditions. 


Serial  No. 

Parameters 

Values 

1 

Reactor  Volume 

2000  ml 

2 

Salt  Concentration 

36  g/l 

3 

Initial  Nitro-aromatic  Concentration 

50  ppm 

4 

pH 

8 

5 

Applied  Current 

23mA  -  65mA 

6 

Stir  rate 

540  -2500  rpm 

7 

Electrodes 

Graphite 

Glassy  Carbon  (Sigradur®  G) 

8 

Surface  area 

67.5  cm2  (Glassy  Carbon). 

9 

Porosity 

21%  (Graphite) 

0%  (Glassy  Carbon) 

10 

Dissolved  Oxygen 

0.2  mg/L  (Deoxygenated) 

8.4  mg/L  (Open  System) 

Analytical  Techniques 

The  length  of  time  for  one  experiment  was  always  less  than  12  hr.  Six  to  eight 
samples  were  taken  at  regular  intervals  in  each  experiment.  When  the  samples 
were  taken,  researchers  also  monitored  pH,  voltage,  dissolved  oxygen  (DO),  oxi¬ 
dation-reduction  potential  (ORP)  and  conductivity.  TNT  and  DNT  were  analyzed 
by  gas  chromatography  (GC).  GC  samples  were  withdrawn  from  the  reactor 
with  a  2.5  mL  pipette.  The  samples  were  then  extracted  into  0.5  mL  of  dichlo- 
romethane  with  vigorous  shaking  for  2  minutes.  An  internal  standard  of  quin¬ 
oline  (25  ppm)  was  used  for  analysis  precision.  The  GC  instrument  used  in  the 
analysis  is  an  HP  5890  Series  II  with  an  FID  detector,  30  m  x  0.32  mm  i.d.  fused 
silica  capillary  column  and  0.25-mm  film  thickness  (J  &  W  Scientific,  Folsom, 
CA,  DB-1),  and  a  carrier  gas  of  nitrogen  (80  psi). 

RDX  was  analyzed  by  a  Shimadzu  UV-1201  spectrophotometer.  10ml  samples  of 
the  solution  in  the  cathodic  compartment  were  withdrawn  at  the  pre-determined 
intervals  and  measured  by  UV  absorption  using  the  spectrophotometer  at  a 
wavelength  of  240  nm.  Minimal  UV  absorption  by  other  components  of  the  solu¬ 
tion  at  this  wavelength  has  been  ascertained. 

The  pseudo-first-order  rate  constants  were  obtained  by  plotting  the  natural  log  of 
the  nitro-aromatic  concentration  in  ppm  versus  time  in  minutes.  Only  the  ki¬ 
netic  data  with  an  R2  value  more  than  0.95  are  reported. 
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Samples  for  gas  chromatography-mass  spectrometry  (GC-MS)  for  product  identi¬ 
fication  were  withdrawn  from  the  reactor  once  or  twice:  a  larger  50  mL  sample 
was  taken  and  extracted  into  benzene,  dichloromethane,  or  diethyl  ether.  At  the 
end  of  each  experiment,  250  mL  was  saved  for  further  extraction  to  identify  the 
final  products.  All  samples  were  kept  at  4  °C  until  analyzed. 

The  GC  analysis  allowed  the  monitoring  of  the  degradation  of  DNT  and  the  for¬ 
mation  of  intermediates  and  products.  The  GC-MS  analysis  allowed  the  identifi¬ 
cation  of  stable  intermediates  and  final  products.  The  GC-MS  instrument  is  an 
HP  5890  GC  and  MS  5970,  a  selective  mass  ion  detector,  30  m  x  0.25  mm  i.d. 
fused  silica  capillary  column  and  0.25  mm  film  thickness  ( J  &  W  Scientific,  DB- 
5),  and  a  carrier  gas  of  He  (50  psi). 

The  intermediates  and  end  products  of  degradation  of  TNT  were  found  to  be 
thermally  unstable.  Therefore,  no  distinct  peaks  are  observed  in  either  the  GC 
or  the  GC-MS  of  these  products.  To  identify  and  quantify  these  intermediates 
and  products,  HPLC  was  used  with  the  following  specifications:  an  HP  1050  sys¬ 
tem  using  a  C-18  column,  with  a  Quaternary  pump  and  a  UV  Diode  Array  Detec¬ 
tor  (DAD).  The  EPA  8330  method  was  used.  The  HPLC- 18  column  was  eluted 
with  5.4:4.6  acetonitrile/water  at  a  flow  rate  of  1.5  mL/min.  An  internal  library 
was  constructed  by  analyzing  pure  compounds  and  then  the  compounds  in  the 
reactor  solution  were  identified  by  matching  the  UV  absorbance  spectra  and  re¬ 
tention  time.  The  pure  intermediates  and  products  were  purchased,  if  available 
commercially,  or  were  otherwise  synthesized. 

The  ORP  was  measured  using  a  double-junction  ORP  electrode  (Cole  Parmer  In¬ 
strument  Co.,  Vernon  Hills,  IL)  with  a  platinum  band.  The  electrode  was  tested 
before  use  with  two  different  buffers  (pH  4.0  and  7.0)  saturated  with  quinhy- 
drone.  This  test  showed  the  calibration  to  be  correct  and  that  the  probe  was 
functioning  properly  according  to  the  range  of  ORP  values  given  by  the  manufac¬ 
turer.  The  ORP  electrode  was  rinsed  with  deionized  water  and  the  ORP  was 
measured  directly  in  the  reactor. 


Synthesis  of  Selected  Degradation  Products 

Some  of  the  expected  products  were  commercially  unavailable,  so  a  literature 
search  was  conducted  to  assess  the  feasibility  of  synthesizing  them  in  the  labora¬ 
tory.  The  following  experimental  methods  were  used  for  the  synthesis  of  selected 
by-products. 
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Synthesis  of  4, 4  ’-dinitro-2,2’-azoxytoluene  (2,2'  Azoxy  Dimer) 

•  1.52  g  (10  mmol)  of  2-amino-4-nitrotoluene  was  added  to  75  mL  of  dichlo- 
romethane. 

•  g  (20  mmol)  of  m-chloroperoxybenzoic  acid  was  added  to  the  above  solution 
and  allowed  to  stand  overnight. 

•  The  precipitate  of  chlorobenzoic  acid  was  removed  by  filtration  and  the  fil¬ 
trate  extracted  with  5  percent  aqueous  sodium  bicarbonate  solution. 

•  The  dichloromethane  was  allowed  to  evaporate  and  the  resulting  precipitate 
was  recrystallized  with  95  percent  ethanol. 

•  A  slightly  yellow  solid  of  the  dimer  was  collected. 

The  above  procedure  is  repeated  with  4-amino-2-nitrotoluene  as  the  starting 

compound  to  produce  the  other  possible  isomer  (McCormick,  Cornell,  and  Kaplan 

1978). 

Synthesis  of  Carol's  Acid 

•  145  g  (0.64  moles)  of  ammonium  persulfate  was  added  to  54  mL  of  cold,  con¬ 
centrated  H2S04. 

•  The  mixture  was  allowed  to  stand  for  about  1  hr  and  poured  into  355  g  of 
crushed  ice. 

Synthesis  of  2-nitro,4-nitroso  Toluene 

•  A  cold  suspension  of  3.5  g  (0.23  mole)  of  2-nitro, 4-amino  toluene  in  6  mL  of 
sulfuric  acid  and  1  mL  of  water  is  mixed  in  an  ice  bath  for  1  hr. 

•  Carols  acid  is  added  to  the  above  and  stirred  for  17  hr.  The  yellow  precipitate 
was  recrystallized  with  acetone. 

Synthesis  of  2,2’,6,6’-tetranitro,4,4’-azoxytoluene  (4,4’  Azoxy  Dimer) 


A  vigorously  stirred  solution  of  0.062  mole  of  2,4,6-trinitrotoluene  was  pre¬ 
pared  in  75  mL  of  acetic  acid  and  10  mL  of  acetic  anhydride. 
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•  The  temperature  was  maintained  throughout  between  30  °C  and  35  °C  by 
adjusting  the  addition  rate  of  zinc  dust  and  providing  the  heating  or  cooling 
as  needed. 

•  12.0  gm  of  zinc  dust  is  added  over  a  1.5-hr  period. 

•  The  pasty  reaction  mixture  is  then  diluted  with  1  L  of  ice  water  and  solid  is 
separated  by  filtration. 

•  The  solid  product  is  then  treated  for  15  min  with  300  mL  of  a  10  percent 
aqueous  sodium  carbonate  solution  at  40  °C. 

•  The  product  is  filtered  and  pressed  dry.  The  solid  is  then  dissolved  in  warm 
ethanol. 

A  solid  crystallizes  out  on  drying  (Sandler  and  Karo  1971).  However,  when  the 

solid  was  analyzed  on  GC-MS,  no  prominent  peak  was  observed. 

Other  chemicals  (4-amino-2,6-dinitrotoluene;  2-amino, 4, 6-dinitrotoluene;  2,2’, 

6,6’-trinitro,4,4’-azoxytoluene,  and  4,4’,6,6’-trinitro,2,2’-azoxytoluene)  were  ob¬ 
tained  commercially. 


Degradation  Behavior  as  a  Function  of  Various  Parameters 
Effect  of  Dissolved  Oxygen 

Deoxygenated  experiments  were  carried  out  to  see  the  effect  of  dissolved  oxygen 
on  the  product  distribution,  especially  since  the  main  end-product  of  electro- 
catalytic  hydrogenation  of  DNT  (i.e.,  DAT)  is  unstable  in  the  presence  of  oxygen. 
These  experiments  were  carried  out  by  keeping  the  reactor  closed  to  the  atmos¬ 
phere.  A  lid  with  a  spring  lock  and  ports  for  removing  samples  and  inserting  the 
electrodes  was  used  to  close  the  reactor  and  make  it  airtight.  Figure  17  shows 
the  experimental  setup. 

The  reactor  was  then  purged  with  nitrogen  with  the  help  of  a  diffuser  until  the 
dissolved  oxygen  in  the  reactor  decreased  to  0.2  mg/L.  The  dissolved  oxygen  was 
measured  with  a  Coming  Checkmate  90  dissolved  oxygen  meter  (Corning,  NY). 
Before  use,  the  dissolved  oxygen  probe  was  calibrated  at  one  calibration  point. 
The  setting  should  be  100  percent  saturation,  which  can  be  achieved  by  using  air 
calibration.  The  100  percent  calibration  was  set  by  holding  the  probe  1  cm  above 
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a  beaker  of  water.  Sampling  was  carried  out  using  a  syringe,  which  was  pierced 
through  a  septum  in  the  lid. 


Figure  17.  Experimental  setup  for  deoxygenated  experiments. 


Effect  of  Surface  Area  of  the  Cathode 

These  experiments  were  carried  out  using  the  glassy  carbon  cathode  only,  be¬ 
cause  the  surface  area  can  be  determined  accurately  only  for  the  glassy  carbon, 
which  has  a  zero  porosity.  The  surface  area  was  varied  by  changing  the  height  of 
the  cathode  immersed  inside  the  reactor  solution.  The  change  in  reaction  rate 
for  five  different  surface  areas  was  determined.  The  degradation  rates  increased 
with  the  increase  in  the  surface  area. 

Effect  of  pH  of  the  Cathodic  Solution 

The  pH  was  expected  to  be  a  sensitive  parameter  in  the  overall  degradation 
mechanism  since  the  availability  of  protons  (hence  the  concentration  of  the  reac¬ 
tive  hydrogen  radicals)  is  determined  by  the  pH  of  the  solution.  The  pH  was 
varied  by  adding  to  the  buffered  solution  —  either  sulfuric  acid  or  sodium  hy¬ 
droxide  as  required.  Experiments  used  pH  settings  between  6.0  and  9.0.  Degra¬ 
dation  rates  were  found  to  increase,  by  both  lowering  and  increasing  the  pH  from 
the  original  value  of  8.0. 

Effect  of  the  Electrode 

Two  different  electrodes  were  used  to  study  which  was  more  effective  in  the  elec¬ 
trochemical  degradation  of  DNT.  A  glassy  carbon  electrode  was  evaluated  due  to 
its  smooth  nonporous  surface,  which  would  reduce  the  possibility  that  hydrogen 
might  build  up  (and  block  the  access  of  the  water  to  the  electrode).  As  discussed 
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earlier,  the  glassy  carbon  electrode  has  a  porosity  of  0  percent;  hence  the  deter¬ 
mination  of  the  effective  surface  area  becomes  much  easier. 


Product  Studies  and  Mass  Balance 
Electrochemical  Reduction  of  DNT 

It  is  important  to  identify  the  stable  intermediates  and  products  to  determine 
the  possible  reaction  pathways.  Moreover,  it  has  to  be  determined  whether  the 
products  are  environmentally  more  harmful  than  the  starting  compound  DNT. 

For  product  identification,  the  sample  from  the  reactor  underwent  GC-MS 
analysis.  From  the  MS  diagram  of  each  compound,  one  can  find  the  molecular 
weight  of  the  compound  as  well  as  its  main  molecular  fragments.  By  comparing 
the  molecular  weight  and  the  fragmentation  pattern  of  found  products  with 
those  of  compounds  in  the  reported  literature  on  DNT  degradation,  the  com¬ 
pound  can  be  identified.  Analyzing  this  compound  by  GC-MS  and  comparing  the 
retention  times  of  the  various  isomers  with  those  of  the  unknown  products  re¬ 
veals  the  identity  of  the  correct  isomer. 

According  to  available  literature,  the  end-product  of  2,4-dinitrotoluene  hydro¬ 
genation  is  2,4-diaminotoluene,  while  the  possible  intermediates  are  the  azoxy 
dimer,  nitroso-  nitrotoluene  and  hydroxylamino-nitrotoluene  (Figure  1;  McCor¬ 
mick,  Cornell,  and  Kaplan  1978;  Neri  et’al.  1995).  DAT  has  been  identified  as 
one  of  the  main  products.  DAT  97  percent  purity  -was  used  as  purchased.  The 
synthesis  of  the  azoxy  dimer  (McCormick,  Cornell,  and  Kaplan  1978)  and  the  ni- 
troso-nitrotoluene  (Sandler  and  Karo  1971)  was  presented  previously. 

Effect  of  Treatment  Parameters 

The  pseudo-first-order  rate  constants  for  DNT  were  examined  to  determine  the 
influence  of  parameters  such  as  cathode  material,  surface  area,  stir  rate,  cur¬ 
rent,  and  oxygen.  Only  experimental  data  with  an  R2  value  of  greater  than  0.95 
for  the  linear  fit  for  ln[DNT  Cone]  vs  time  curve  were  reported.  Table  3  shows 
the  rate  constants  for  experiments  performed  with  the  graphite  cylinder.  Table  4 
shows  the  rate  constants  for  experiments  performed  with  the  glassy  carbon.  Ta¬ 
ble  5  shows  the  effect  of  surface  area  on  the  reaction  rate  constant. 
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Table  3.  Experimental  data  for  a  graphite  cylinder  cathode. 


Table  4.  Experimental  data  for  a  glassy  carbon  cathode. 


Table  5.  Experimental  data  for  the  effect  of  surface  area  on  DNT  degradation. 


These  results  are  graphically  summarized  in  Figures  18  through  22. 


42 


CERLTR  99/85 


Effect  of  Current 

As  shown  in  Figures  18  through  21,  the  reaction  rate  increases  with  an  increase 
in  current.  This  increase  is  due  to  the  current  density  being  a  direct  measure  of 
the  reaction  rate.  The  rise  in  reaction  rate,  however,  is  not  linear  and  seems  to 
level  off  or  drop  in  some  Cases.  Charge  transfer  is  the  rate  limiting  step  until  the 
current  density  reaches  the  limiting  current  density  (i^).  The  limiting  current 
density  for  the  glassy  carbon  electrode  is  10  mA/m2,  which  corresponds  to  a  cur¬ 
rent  of  57.9  mA.  This  limiting  current,  however,  is  the  partial  current  density  for 
DNT  alone  and  not  the  total  current  density,  which  is  why  there  is  still  an  in¬ 
crease  in  the  reaction  rate  at  65  mA.  Therefore,  as  the  current  density  ap¬ 
proaches  the  limiting  current  density,  the  mass  transfer  rate  becomes  more  and 
more  dominant  and  beyond  i^  there  is  no  major  increase  in  reaction  rate  with  an 
increase  in  current  density.  This  explains  the  leveling  behavior  of  the  reaction 
rate  with  an  increase  in  current.  The  fact  that  mass  transfer  becomes  more  im-‘ 
portant  with  an  increase  in  current  becomes  evident  in  Figure  18,  where  the  dif¬ 
ference  between  reaction  rates  at  different  stir  rates  become  more  pronounced  at 
higher  currents. 


| — ♦— 630rpm  — »—  2040 rpm  | 

Figure  18.  Plot  of  reaction  rate  vs  current  for  a  glassy  carbon  electrode  (open 
system)  for  two  different  stir  rates. 
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[— »—  630  rpm  — »—  2040  rpm  | 

Figure  19.  Plot  of  reaction  rate  vs  current  for  a  graphite  cylinder  electrode 
(open  system)  for  two  different  stir  rates. 


Figure  20.  Plot  of  reaction  rate  vs  current  for  a  glassy  carbon  electrode 
(deoxygenated  system)  for  two  different  stir  rates. 
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— « —  630  rpm  — a —  2040  rpm 


Figure  21 .  Plot  of  reaction  rate  vs  current  for  a  graphite  cylinder 
electrode  (deoxygenated  system)  for  two  different  stir  rates. 


Surface  Area 


Figure  22.  Dependence  of  reaction  rate  on  the  surface  area  of  the  electrode 
(glassy  carbon  electrode). 

In  the  case  of  the  graphite  cylinder  electrode,  there  is  a  dramatic  reduction  in 
reaction  rate  at  a  current  of  65  mA.  This  reduction  could  be  because  of  the  depo¬ 
sition  of  particulate  reaction  products  inside  the  pores,  which  means  a  reduction 
in  the  effective  surface  area.  This  conclusion  can  be  supported  by  the  fact  that, 
except  for  the  65  mA  current  setting,  the  mass  balance  relating  DNT  concentra¬ 
tion  and  the  various  product  concentrations  are  complete  for  all  other  current 
settings  and  also  for  the  glassy  carbon  electrode. 
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Effect  of  Stir  Rate 

Experiments  were  carried  out  at  different  stir  rates  to  see  the  effect  of  mass 
transfer  on  the  reaction  rate.  From  the  experimental  results  for  both  electrodes, 
it  was  seen  that  the  reaction  rate  increased  with  an  increase  in  stir  rate.  This 
increase  was  due  to  the  fact  that,  with  an  increase  in  stir  rate,  the  velocity  com¬ 
ponent  perpendicular  to  the  surface  of  the  electrode  increased.  Since  the  ex¬ 
periments  were  carried  out  close  to  the  limiting  current  density  of  the  glassy 
carbon  electrode,  an  increase  in  velocity  increased  the  mass  transfer  coefficient 
thereby  increasing  the  reaction  rate.  A  higher  stir  rate  also  decreases  the  chance 
of  any  of  the  inert  products  such  as  the  azoxy  dimer  from  being  adsorbed  onto 
the  electrode  surface  and  lowering  the  surface  area  available  for  electrochemical 
reduction  of  DNT. 

Effect  of  Dissolved  Oxygen 

Dissolved  oxygen  experiments  were  carried  out  to  see  the  effect  of  oxygen  on  the 
product  distribution.  Tables  6  and  7  show  that,  in  the  open  system  experiments 
the  main  products  formed  were  the  dimers,  whereas  in  the  deoxygenated  ex¬ 
periments  the  main  product  formed  was  DAT.  This  difference  in  product  can  be 
explained  by  the  fact  that  a  two-stage  reaction  mechanism  is  operative  and  an 
intermediate  is  being  formed,  which  either  gets  reduced  to  DAT  or  gets  oxidized 
to  the  azoxy  dimer.  In  the  absence  of  oxygen,  the  only  pathway  is  that  of  total 
reduction  to  DAT.  Further  discussion  on  the  effects  of  the  presence  and  absence 
of  oxygen  can  be  found  in  the  following  sections. 

Effect  of  Surface  Area 


Figure  22  shows  that,  with  an  increase  in  surface  area,  there  is  an  increase  in 
the  reaction  rate.  This  result  is  due  to  the  fact  that  an  increase  in  surface  area 
makes  the  charge  transfer  more  effective;  hence  the  reaction  rates  are  enhanced. 


Table  6.  Summary  of  residence  times  of  various  products  and  intermediates. 


Compound  Name* 

Retention  Time  in  GC-MS  (min) 

Retention  Time  in  GC  (min) 

DNT 

17.027 

5.759 

DAT 

12.7 

4.642 

Dimer-1 

31.91 

11.09 

Dimer-2 

32.38 

11.628 

AN-1 

18.22 

6.144 

AN-2 

17.32 

5.715 

Nitroso-1 

14.7 

5.23 

*  DAT  =  2,4-diaminotoluene;  DNT  =  2,4-dinitrotoluene;  D-1  =  4,4’-dinitrotoluene,2,2’-azoxytoluene; 

D-2  =  2,2’-dinitrotoluene,4,4’-azoxytoluene;  Nitroso-1  =  2-nitroso,4-nitrotoluene;AN-1  =  2-amino, 4- 
nitrotoluene;  AN-2  =  4-amino, 2-nitrotoluene 
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Current  (mA) 


65 


Cathode:  Graphite  Cylinder  (open  system) 


Solid  Phase  (%Molar  Aqueous  Phase  (%Molar 
Conversion  of  DNT  to:)  Conversion  of  DNT  to:) 


28.5 


Total  Mass  Balance  (%Molar  Conversion  of  DNT  to  Identified  Products)  =  78.84% 


23 


Current  (mA) 


65 


Total  Mass  Balance  (%Molar  Conversion  of  DNT  to  Identified  Products)  =  110% 

Cathode:  Glassy  Carbon  (open  system) _ 


Solid  Phase  (%Molar  Aqueous  Phase  (%Molar 


Compounds  |  Conversion  of  DNT  to:)  |  Conversion  of  DNT  to:) 


Total  Mass  Balance  (%Molar  Conversion  of  DNT  to  Identified  Products)  =  96.4% 


DAT  -  24.2 


Nitroso-1  I  -  I  10.7 


Total  Mass  Balance  (%Molar  Conversion  of  DNT  to  Identified  Products)  =  108.6% 


Solid  Phase  (%Molar  Aqueous  Phase  (%Molar 
Conversion  of  DNT  to:)  Conversion  of  DNT  to:) 


Total  Mass  Balance  (%Molar  Conversion  of  DNT  to  Identified  Products)  =  114.8% 
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Effect  of  Electrode  Selection 

The  experimental  results  show  that,  even  though  the  surface  area  of  the  glassy 
carbon  electrode  is  much  smaller  than  that  of  a  graphite  cylinder  electrode,  the 
reaction  rates  are  comparable.  This  implies  that  the  reaction  rate  per  unit  sur¬ 
face  area  of  the  electrode  is  much  greater  for  a  glassy  carbon  electrode  than  for  a 
graphite  cylinder  electrode.  Comparing  the  physical  properties  of  these  two  elec¬ 
trodes  in  Table  1  shows  the  electrical  resistivity  of  the  graphite  electrode  is  ap¬ 
proximately  three  orders  of  magnitude  greater  than  that  of  the  glassy  carbon 
electrode.  A  lower  resistivity  implies  a  higher  conductivity  for  the  glassy  carbon 
electrode,  which  in  turn  enhances  the  charge  transfer.  This  results  in  better 
degradation  of  DNT  by  the  glassy  carbon  electrode. 

Product  Identification  and  Mass  Balance 

All  the  possible  intermediates  were  either  purchased  or  synthesized  based  on 
their  availability  as  discussed  previously.  Table  6  summarizes  the  retention 
times  of  the  various  possible  intermediates  in  both  the  GC-MS  and  the  GC. 

The  compounds  that  have  been  identified  as  having  been  formed  as  intermedi¬ 
ates  and  products  are  2,4-diaminotoluene,  4,4’dinitro,2,2’-azoxytoluene,  2,2’- 
dinitro,4,  4’-axozytoluene,  2-amino, 4-nitrotoluene,  and  4-amino, 2-nitrotoluene. 
The  major  product  was  2,2’-dinitro,4,4’-azoxytoluene  (Dimer-2)  in  the  open  sys¬ 
tem  and  2,4-diaminotoluene  in  the  deoxygenated  system. 

Based  on  the  identified  compounds  and  the  various  mechanisms  reported  in  lit¬ 
erature,  the  most  probable  reaction  pathway  in  the  electrochemical  degradation 
of  DNT  is  that  reported  by  McCormick,  Cornell,  and  Kaplan  (1978;  Figure  1), 
with  the  pathway  leading  to  the  formation  of  Dimer-2  being  the  most  dominant. 
The  hydroxyl-amine  could  not  be  synthesized  because  of  its  instability  in  the 
presence  of  air,  which  causes  it  to  form  a  dimer.  The  overall  mass  balance  for 
each  of  these  experiments  is  summarized  in  Table  7.  The  solid  phase  was  col¬ 
lected  by  filtration  at  the  end  of  the  degradation  experiments.  The  collected  pre¬ 
cipitate  was  weighed  and  then  dissolved  in  dichloromethane  and  analyzed  with 
the  GC-MS.  Based  on  the  ratio  of  the  areas  of  the  peaks  for  each  compound,  the 
percentage  of  each  compound  in  the  solid  phase  is  calculated  as  well  as  the  moles 
formed.  All  results  are  reported  as  a  percentage  molar  conversion  of  DNT.  All 
mass  balance  experiments  were  carried  out  at  a  stir  rate  of  2040  rpm. 
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Those  cases  where  the  mass  balance  is  more  than  100  percent  may  be  the  result 
of  an  error  in  quantification  using  the  standards.  The  standard  curves  for  all  the 
compounds  are  summarized  below.  The  standard  curves  were  obtained  by  ana¬ 
lyzing  different  concentrations  of  the  pure  component  on  the  GC  and  fitting  the 
data  into  a  linear  equation. 


D-l 


D-2 


AN-1 


AN-2 


Nitroso-1 

DAT 

DNT 


Concentration  =  9.3526*Ratio  +  1.4318 
Concentration  =  62.209*Ratio  -  0.6338 
Concentration  =  9.2222*Ratio  +2.4405 
Concentration  =  8.5546*Ratio  +  4.4682 
Concentration  =  161.69*Ratio  +  0.8988 
Concentration  =  35.891*Ratio  +  5.4471 
Concentration  =  11.643*Ratio  +  2.0994 


Electrochemical  Reduction  of  TNT,  RDX,  and  DNT  With  Ethanol 
Effect  of  Applied  Current 

Experiments  were  performed  at  five  different  current  settings:  23,  34,  45,  53, 
and  65  mA.  The  Honeywell  UDC  is  capable  of  providing  a  constant  current  in¬ 
put  to  the  electrodes.  The  voltage  may  change  with  a  change  in  the  ionic 
strength  of  the  reaction  mixture  in  the  cathode  compartment.  The  resistance  of 
the  aqueous  solution  was  too  high  for  a  current  higher  than  65  mA  so  it  was  de¬ 
cided  that  65  mA  is  the  upper  limit  for  the  current  range.  The  degradation  rates 
observed  for  TNT,  RDX,  and  DNT  (with  ethanol)  are  reported  in  Tables  8 
through  11.  Ethanol  was  added  to  the  DNT  solution  to  simulate  the  contami¬ 
nants  found  in  propellant  wastewater. 


Table  8.  Experimental  data  for  glassy  carbon  cathode:  degradation  of  TNT. 


■OSHH1 

0.0026 

0.0033 

0.0032 

0.0060 

0.0047 

0.0059 

0.0053 

0.0061 

0.0057 

0.0053 

0.0040 

0.0045 

0.0055 

0.0059 

0.0052 

0.0078 

0.008 

0.0035 

Table  9.  Experimental  data  for  glassy  carbon  cathode:  degradation  of  RDX. 


Table  10.  Experimental  data  for  glassy  carbon  cathode:  degradation  of  DNT  (with  ethanol). 
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Table  11.  Experimental  data  for  glassy  carbon  cathode:  degradation  of  TNT  in  a  combined 
mixture  of  TNT  and  RDX. 


Current 

(mA) 

Stir  Rate 
(rpm) 

pH 

Rate  Constant 
(min'1) 

23 

630 

8.0 

0.0036 

23 

2040 

0.0045 

34 

630 

u 

0.0043 

34 

2040 

0.0058 

45 

630 

K 

0.0049 

45 

2040 

• 

0.0054 

53 

630 

0.0059 

53 

2040 

“ 

0.0065 

65 

630 

« 

0.0062 

65 

2040 

If 

0.0061 

The  degradation  rates  for  all  three  nitro-aromatics  increased  with  the  initial  in¬ 
crease  in  the  current  settings  but  flattened  out  at  higher  currents.  The  behavior 
observed  is  graphically  depicted  in  Figures  23  through  25.  It  can  thus  be  con¬ 
cluded  that  the  current  (and  hence  the  production  of  hydrogen  radicals)  is  gov¬ 
erning  the  reaction  rates  at  smaller  currents.  At  higher  currents,  however,  the 
mass  transfer  limitations  govern  the  degradation  kinetics. 


Figure  23.  Degradation  rates  of  TNT  v/s  Current. 


52 


CERLTR  99/85 


Effect  of  Stirring  Rate 

Experiments  were  performed  for  given  applied  currents  at  two  different  speed 
settings  of  the  stirrer.  The  stir  rate  in  turn  affects  the  velocity,  the  diffusion 
layer  thickness,  and  the  mixing  rate  in  the  reactor.  Stir  rates  of  630  rpm  and 
2040  rpm  were  used.  These  stir  rates  correspond  to  calibration  points  3  and  6 
labeled  on  the  stirrer.  The  rotations  per  minute  were  calculated  by  recording  the 
rotation  of  the  stir  bar  with  a  video  camera  and  then  replaying  the  video  in  slow 
motion  while  counting  the  rotation  in  each  frame.  With  increased  stirring,  the 
degradation  rates  were  found  to  increase.  The  increase  in  the  stirring  causes  a 
reduction  in  the  thickness  of  the  diffusion  layer,  which  allows  increased  transfer 
of  nitro-aromatics  from  the  bulk  solution  to  the  electrode  surface.  The  degrada¬ 
tion  coefficients  for  different  stir  rate  settings  are  presented  in  Tables  8  through 
11. 

Mass  Balances  for  TNT 

Intermediates  and  end-products  have  been  identified  for  the  degradation  of  TNT. 
An  approximate  70  percent  mass  balance  (on  molar  basis)  was  achieved  for  ex¬ 
periments  conducted  at  two  current  settings.  An  important  finding  from  this 
study  is  that  most  of  the  products  in  the  experiment  are  present  in  the  solid  pre¬ 
cipitate,  which  is  formed  during  the  degradation  of  TNT  and  which  remains  sus¬ 
pended  in  the  reactor.  The  solid  phase  consists  primarily  of  three  types  of  di¬ 
mers — D-l  (i.e.,  2,2’,6,6’-trinitro,4,4’-azoxytoluene),  D-2  (i.e.,  4,4’,6,6’-trinitro,2,2’- 
azoxytoluene),  and  D-3  (i.e.,  4,2’,6,6,-trinitro,2,4’-azoxytoluene),  with  a  minor 
contribution  from  the  2-amino-4,6-dinitrotoluene  and  4-amino-2,6  dinitrotoluene. 
In  contrast,  the  diaminotoluene  (i.e.,  DAT)  and  2-nitroso,4-nitrotoluene  are  found 
in  the  aqueous  phase.  It  is  known  that  some  of  the  degradation  products,  such 
as  the  dimers  mentioned  earlier,  are  much  less  soluble  in  water  compared  to 
TNT,  so  they  precipitate  out  of  the  water  once  their  concentration  increases  and 
supersaturation  occurs.  Figure  9  showed  the  time  profiles  of  the  products. 

Based  on  the  product  studies  and  the  mass  balance  shown  in  Figure  26  and  in 
Table  12,  the  importance  of  the  relative  pathways  in  the  mechanistic  scheme  can 
be  assessed  for  the  2,4,6  -TNT  degradation  shown  in  Figure  27. 

RDX  was  expected  to  give  mono-,  di-,  and  tri-nitroso  substitutes  of  nitro  groups 
in  RDX  (commonly  called  MNX,  DNX,  and  TNX  respectively).  An  effort  was 
made  to  commercially  obtain  these  compounds,  but  no  commercial  manufacturer 
was  found.  Also,  no  published  method  of  synthesis  could  be  obtained. 


Time  (mins.) 


Figure  26.  Product  distribution  of  TNT  (65  mA  current). 


Table  12.  Mass  balance  of  TNT  with  the  glassy  carbon  cathode  at  2040  rpm,  oxygenated. 


Current  (mA) 

Solid  Phase  (%  Molar 
Conversion  of  TNT  to:) 

Aqueous  Phase  (%  Molar 
Conversion  of  TNT  to:) 

65 

D-1 

30.3 

- 

65 

D-2 

22.7 

- 

65 

D-3 

19.6 

- 

65 

■S5SS3H 

2.7 

- 

65 

2-A-4,6-DNT 

2.1 

-  . 

65 

TNT 

- 

12.1 

65 

Total 

77.4 

12.1 

Total  Mass  Balance  (%  Molar  Conversion  of  TNT  to  identified  Products)  =  89.5  % 

Note:  4-A-2.6-DNT  =  4-amino-2,6-dinitrotoluene;  2-A-4.6-DNT  =  2-amino, 4, 6-dinitrotoluene; 

D-1  =  2,2\616’-trinitro,4,4’-azoxytoluene;  D-2  =  4,4’,6,6,-trinitro,2,2,-azoxytoluene;  and 

D-3  =  4,2\6,6’-trinitro,2,4'-azoxytoluene. 
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REDUCTION  PATHWAY  FOR  TNT 


Figure  27.  Proposed  reduction  pathway  for  electrochemical  degradation  of  TNT. 
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4  Model  Results 


The  model  from  this  study  is  based  on  a  similar  model  developed  for  reduction  of 
nitrobenzene  (Goodridge  and  Scott  1995).  According  to  the  results  shown  in 
Chapter  3,  the  reduction  of  DNT  takes  place  through  an  unstable  hydroxyl- 
amine  intermediate,  which  in  turn  is  either  reduced  to  DAT  or  oxidized  to  a  di¬ 
mer.  The  reaction  scheme  is  shown  in  Figure  28.  The  two  secondary  reactions 
are  treated  separately.  On  the  assumption  that  no  accumulation  of  the  reacting 
species  occurs  and  that  a  Tafel-type  expression  applies,  the  relation  for  iA,  the 
current  density,  for  the  primary  reaction  can  be  obtained: 

iA  =  cA/[l/(4FkL)  +  l/(kA  exp[-bAE’])]  (Eq  38) 


Assuming: 

1.  The  rate  of  diffusion  of  B  away  from  the  electrode  is  faster  than  the  rate  of  the 
chemical  reaction  B->  C  (i.e.,  as  a  first  approximation  the  build  up  of  B  in  the 
bulk  of  the  electrolyte  is  negligibly  small). 

2.  The  Tafel  expression  can  also  be  used  for  iB,  the  current  density,  of  the  consecu¬ 
tive  secondary  reaction. 

Let  Nb  be  the  number  of  kmoles  of  B  diffusing  from  the  surface,  with  cB  »  0: 

Nb  =  SkLcBs  (Eq  39) 

Ra  and  Rjj  are  the  number  of  kmoles/sec  of  A  and  B  converted  to  B  and  D,  respec¬ 
tively: 


RA  =  SrA 


and 


Rb  =SrB 


(Eq  40) 
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Using  the  simple  Tafel-type  relationship  iH  =  kH  exp(-bHE’),  it  can  be  written  that: 

i  =  iA  +  iB  +iH  (E(l 47> 

kA,  bA,  kH,  and  bHare  determined  as  explained  previously.  For  the  determination 
of  kB  and  bB,  the  following  procedure  is  used: 


iA  _  measured  production  rate  qf  all  products^ 
iB  2*  measured  production  rate  of  DAT 

Dividing  Equation  38  by  Equation  46  and  simplifying  arrives  at: 

In  (iA/iB  -  VS)  =  ln(4FkL/kB)  +  bBE’  (Eq  48) 

where  E’  is  the  stabilized  potential  for  each  of  these  experiments. 

The  kinetic  parameters  are: 
bA  =  0.0046  mV'1,  kA  =  54.1  Am/kmol 
bB  =  3.971 10-4  mV'1,  kB  =  904  Am/kmol 
bH  =  0.005  mV'1,  kH  =  2.38  10 3 4 5  A/m2 
4FkL  =  36400  Am/kmol;  i^  =  10  A/m2 

The  value  of  4FkL  is  calculated  using  the  equation  i^  =  nFkLcA°,  here  n  =  4  and 
cA°  is  the  initial  concentration  of  DNT. 

To  calculate  the  rate  of  degradation  for  different  conditions,  the  following  algo¬ 
rithm  is  followed: 

1.  All  the  required  data  such  as  catholyte  volume  (V),  initial  concentration  (cA°),  final 
conversion  (Xj.),  all  the  kinetic  constants,  cathode  area  (S),  flow  velocity  (u),  and 
current  density  (i)  should  be  calculated  or  experimentally  determined. 

2.  Initialize  conversion  (X)  =  0,  time  =  0,  count  =  1. 

3.  Calculate  kL  =  2.0  10"*  u06. 

4.  Input  number  of  integral  loops  (N).  Calculate  increment  on  X  from  8X=  Xj/N. 

5.  Calculate  E’  from  Equation  47,  where  iA  is  substituted  with  Equation  38,  iB  with 
Equation  46,  and  iH  with  the  Tafel  Equation.  This  step  was  solved  using  Mathe- 
matica™  3.0. 
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6.  Calculate  iA  from  Equation  38. 

7.  Calculate  8t  from: 

8t  =  (4FV/S)  (cA°6X/iA) 

8.  Increment  X  by  8X,  count  by  1. 

9.  Repeat  steps  5  thru  8  until  count  =  N. 

The  results  of  the  model  are  listed  and  compared  with  the  experimental  values 
in  Tables  13  and  14. 


Table  13.  Comparison  of  experimental  and  model  results  for  a  < 

glassy  carbon  electrode. 

Current 

(mA) 

Stir  rate 
(rpm) 

Experimental  Rate 
Constant  (min'1) 

Model  Rate 
Constant  (min'1) 

Model  Rate  Constant/ 
Expt  Rate  Constant 

65 

2040 

0.0068 

0.026 

3.82 

65 

630 

0.0053 

0.026 

4.9 

45 

2040 

0.0062 

0.0186 

3.0 

45 

630 

0.0048 

0.0184 

3.84 

23 

2040 

0.0044 

0.00978 

2.22 

23 

630 

0.0038 

0.00972 

2.55 

Table  14.  Comparison  of  experimental  and  model  results  for  the  effect  of  surface  area. 


Surface  Area 
(cm2) 

Experimental  Rate 
Constant  (min'1) 

Model  Rate 
Constant  (min1) 

Model  Rate  Constant/ 
Expt  Rate  Const 

67.5 

0.008 

0.03081 

3.85 

57.9 

0.0068 

0.026 

3.82 

44.75 

0.0049 

4.16 

31.35 

0.0035 

0.0143 

4.08 

Note:  All  experiments  conducted  with  glassy  carbon  electrode  and  at  a  current  of  65mA  and 
a  stir  rate  of  2040  rpm. 

It  can  be  observed  from  the  model  results  that  the  model  overestimates  the  rate 
constant  by  as  much  as  a  factor  of  four  in  some  cases.  This  may  be  attributed  to 
the  fact  that  the  kinetic  parameters  were  estimated  using  a  clean  electrode, 
which,  in  fact,  is  one  of  the  assumptions  of  the  model.  In  the  course  of  an  ex¬ 
periment,  however,  there  seems  to  be  a  heavy  deposit  of  inert  products  such  as 
dimers  and  salt  on  the  surface  of  the  electrode.  Thus,  the  overestimation  of  the 
rate  constant  may  be  due  to  deposition  of  some  solids  on  the  surface  of  the  elec¬ 
trode.  This  conclusion  can  also  be  supported  by  the  fact  that  the  model  results 
are  much  closer  to  the  experimental  results  at  lower  currents  where  dimer  for¬ 
mation  is  lower. 


This  result  has  to  be  verified  by  carrying  out  additional  experiments  in  which 
the  surface  of  the  electrode  is  periodically  cleaned.  If  the  reaction  rate  does  not 
increase  after  that,  then  the  exact  mass  transfer  coefficient  must  be  determined 
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experimentally  instead  of  using  the  empirical  formula.  Moreover,  the  model  re¬ 
sults  show  that  the  reaction  rate  is  still  charge-transfer-controlled,  whereas  the 
experimental  results  show  that  the  reaction  rate  is  more  mass-transfer-limited, 
especially  for  higher  currents.  This  also  suggests  that  there  might  be  a  solid 
deposition  on  the  surface  of  the  electrode. 
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5  Discussion 


The  research  shows  that  electrochemical  reduction  of  the  three  nitro-aromatics 
2,4,6-TNT,  2,4-DNT,  and  RDX  is  taking  place  readily  in  the  reactor.  The  rates  of 
degradation  observed  for  TNT  and  DNT  are  almost  similar,  while  the  degrada¬ 
tion  rates  of  RDX  are  much  slower  under  the  applied  conditions.  The  degrada¬ 
tion  rates  of  DNT  with  added  ethanol  are  almost  similar  to  the  rates  observed 
with  DNT  alone.  In  the  experiments  that  combined  both  RDX  and  TNT  with  the 
solution,  the  degradation  rates  of  TNT  were  unaffected  by  the  presence  of  RDX. 
The  products  of  electrochemical  reduction  of  TNT  were  three  kinds  of  dimers  and 
various  amino-substitutes  of  the  nitro  groups.  The  products  of  the  electrochemi¬ 
cal  degradation  of  DNT  are  primarily  2,4-DAT  and  a  mixture  dominated  with  the 
azoxy  dimers.  In  oxygenated  systems,  a  large  portion  of  the  products  is  present 
in  the  form  of  precipitate  rather  than  in  the  aqueous  phase. 

The  two  factors  that  have  the  most  significant  effect  on  the  degradation  rates 
among  the  various  parameters  analyzed  are:  stirring  rate  and  current  density. 
Change  in  the  pH  does  alter  the  degradation  kinetics,  but  the  effect  is  not  as 
prominent  as  the  above  two  factors.  Moreover,  alteration  of  the  effluent  stream 
pH  by  addition  of  chemicals  may  not  be  a  good  option  —  it  may  increase  the  op¬ 
erational  cost  significantly.  The  available  surface  area  of  the  cathode  has  a  lin¬ 
ear  effect  on  the  rate  of  degradation  of  2,4-DNT.  Among  the  two  aforementioned 
controlling  factors,  the  stirring  rate  determines  the  mass  transfer  rate  and  the 
current  density  determines  both  the  intrinsic  chemical  rate  and  the  mass  trans¬ 
fer  (an  explanation  follows). 

The  kinetics  in  an  electrochemical  system  can  be  explained  to  a  great  extent  by  a 
diffusion  layer  theory  (Scott  1991).  The  reactions  that  are  going  on  in  the  ca¬ 
thodic  solution  can  be  written  as  follows: 


2H+  +  2e  ->  2H 

(R-l) 

C7H5N204N02 

+  2H  ->  C7H5N204N0  +H20 

(R-2) 

C7H5N204N0 

+  2H  C7H5N204NH0H 

(R-3) 
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C7H5N2O4NHOH  +2H  C7H5N204NH2  +H20  (R-4) 

2H  H2  (R-5) 

The  reactor  solution  is  completely  mixed  in  the  bulk.  Because  of  the  solid-liquid 
interface,  convective  mixing  does  not  take  place  at  the  cathode  surface;  therefore, 
the  protons  from  the  bulk  move  to  the  cathode  surface  (to  undergo  reaction  R-l) 
by  diffusing  from  the  bulk  to  the  surface.  The  opposite  happens  with  the  hydro¬ 
gen  radicals,  which  are  extremely  reactive.  Besides  undergoing  the  reactions  R- 
2,  R-3,  and  R-4  that  result  in  the  degradation  of  the  nitro-aromatic,  hydrogen 
radicals  readily  combine  with  each  other  to  form  hydrogen  gas  (reaction  R-5). 
Thus  the  nitro-aromatic  has  to  move  through  the  diffusion  layer  formed  by  the 
protons  and  hydrogen  radicals  to  undergo  the  reduction  reaction. 

The  stirring  in  the  solution  (or  agitation  by  other  means)  determines  the  mixing 
in  the  bulk  in  the  vicinity  of  the  cathode.  This  mixing  in  turn  determines  the 
diffusion  layer  thickness.  Higher  stirring  or  agitation  results  in  a  smaller  diffu¬ 
sion  layer  thickness.  The  smaller  the  diffusion  layer,  the  faster  the  nitro- 
aromatic  would  move  toward  the  electrode  and,  therefore,  the  higher  the  degra¬ 
dation  rate  would  be. 

Similar  reasoning  can  be  applied  to  the  current  density.  An  increase  in  current 
causes  more  rapid  release  of  electrons  (or  a  more  rapid  conversion  of  H+  to  H), 
which  means  a  steeper  concentration  gradient  of  protons  from  the  bulk  to  the 
electrode  surface.  This  concentration  would  in  turn  lead  to  a  lower  proton  con¬ 
centration  in  the  diffusion  layer,  which  would  again  yield  higher  transfer  rates  of 
nitro-aromatics  and  hence  higher  degradation  rates. 

As  was  previously  discussed  and  is  shown  in  Figures  23  through  25,  the  mass 
transfer  limitation  starts  to  affect  the  degradation  kinetics  at  higher  currents. 
Additional  experiments  were  performed  with  improved  hydrodynamics  to  try  and 
overcome  these  limitations.  One  of  the  ways  in  which  the  diffusion  layer  thick¬ 
ness  could  be  reduced  is  a  recycle,  with' water  flowing  over  the  cathode.  Thus  a 
reactor  was  operated  as  shown  in  the  schematic  in  Figure  29.  The  reactor  solu¬ 
tion  was  released  from  the  bottom  and  pumped  up  again  to  fall  over  the  cathode. 
This  procedure  increased  the  degradation  rate  tremendously  as  compared  to  the 
rate  observed  without  this  recycle.  The  two  reactor  results  are  compared  in  Fig¬ 
ure  30.  This  result  also  ascertained  that  it  was  indeed  mass  transfer  that  was 
limiting  at  higher  currents. 


In  Concentration 
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Time  (mins.) 


Figure  30.  Comparison  of  degradation  rates  for  batch  and  recycled  flow  reactor. 
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6  Conclusions 


The  transformation  of  two  nitro-aromatics  (DNT  and  TNT)  to  their  correspond¬ 
ing  reduced  by-products  has  been  shown  to  occur  through  purely  abiotic  mecha¬ 
nisms  induced  by  electric  current. 

DNT  transformation  in  the  absence  of  oxygen  primarily  yields  DAT.  However, 
when  oxygen  is  present,  the  reduced  compound  or  its  partially  reduced  by¬ 
products  can  polymerize  to  form  dimers,  which  precipitate  from  solution.  These 
are  azoxy  dimers  with  nitro  groups  remaining.  TNT  also  appears  to  form  di¬ 
mers;  however,  the  absence  of  analytical  standards  or  published  synthesis  tech¬ 
niques  has  made  their  identification  questionable  at  this  point. 

The  reaction  appears  to  be  mass  transfer  limited,  indicating  the  need  to  produce 
flow  patterns  in  any  reactor  to  mix  the  reactants  rather  than  relying  on  diffu¬ 
sion.  Mathematical  modeling  indicates  that  the  rate  predicted  from  initial  ki¬ 
netic  parameters  far  exceeds  the  rates  observed  over  longer  periods  of  treatment. 
This  observation  suggests  that  some  materials  are  depositing  on  the  surface  of 
the  electrodes,  which  should  also  be  addressed  in  terms  of  removal  by  cleaning  or 
turbulence  in  the  system. 
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